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YOUNG STARLESS CORES EMBEDDED IN THE MAGNETICALLY DOMINATED PIPE NEBULA. 
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ABSTRACT 

The Pipe nebula is a massive, nearby, filamentary dark molecular cloud with a low star-formation efficiency 
threaded by a uniform magnetic field perpendicular to its main axis. It harbors more than a hundred, mostly 
quiescent, very chemically young starless cores. The cloud is, therefore, a good laboratory to study the earliest 
stages of the star-formation process. We aim to investigate the primordial conditions and the relation among 
physical, chemical, and magnetic properties in the evolution of low-mass starless cores. We used the IRAM 
30-m telescope to map the 1.2 mm dust continuum emission of five new starless cores, which are in good 
agreement with previous visual extinction maps. For the sample of nine cores, which includes the four cores 
studied in a previous work, we derived a Ay to factor of (1.27+0. 12)xl0~ 21 mag cm 2 and a background 
visual extinction of ~6.7 mag possibly arising from the cloud material. We derived an average core diameter of 
~0.08 pc, density of ~10 5 cirT 3 , and mass of ~1.7 M Q . Several trends seem to exist related to increasing core 
density: (;) diameter seems to shrink, (;;) mass seems to increase, and (Hi) chemistry tends to be richer. No 
correlation is found between the direction of the surrounding diffuse medium magnetic field and the projected 
orientation of the cores, suggesting that large scale magnetic fields seem to play a secondary role in shaping the 
cores. We also used the IRAM 30-m telescope to extend the previous molecular survey at 1 and 3 mm of early- 
and late-time molecules toward the same five new Pipe nebula starless cores, and analyzed the normalized 
intensities of the detected molecular transitions. We confirmed the chemical differentiation toward the sample 
and increased the number of molecular transitions of the "diffuse" (e.g. the "ubiquitous" CO, C2H, and CS), 
"oxo-sulfurated" (e.g. SO and CH3OH), and "deuterated" (e.g. N2H + , CN, and HCN) starless core groups. 
The chemically defined core groups seem to be related to different evolutionary stages: "diffuse" cores present 
the cloud chemistry and are the less dense, while "deuterated" cores are the densest and present a chemistry 
typical of evolved dense cores. "Oxo-sulfurated" cores might be in a transitional stage exhibiting intermediate 
properties and a very characteristic chemistry. 

Subject headings: ISM: individual objects: Pipe Nebula - ISM: lines and bands - ISM - stars: formation 



1. INTRODUCTION 



The Pipe neb ula is a massive (10 4 M : lOnishi et alJl 19991) 
nearby (145 pc: lAlves & Francol2007l) filamentary dark cloud 
located in the southern sky (Fig. [TJ. What differentiates 
the Pipe nebula from other low-mass star-forming regions 
such as Taurus and p-Ophiuchus is that it is very quies- 
cent and has a very low star-formation effici ency, only the 
Barnard 59 (B59) region shows star formation dForbrich et alj 
I2009t iBrooke et alJl2007T: iRoman-Zufiiga et al.ll2009l 120121) . 
The cloud harbors more than one hundred lo w-mass starless 
dense cores in a very early e volutionary stage dMuench et alj 
120071: iRathborne et alj|2008l) . Thermal pressure appears to be 
the dominant source of internal pressure of these cores: most 
of the m appear to be pre ssure confined, but gravitationally un- 
bound (lLada et al.l2008l) . Only the B59 region shows a signif- 
icant non-thermal contribution to molec ular line widths that 
could be caused by outflows feedback (iDuarte-Cabral et ail 
[2012}) . Through simulations of an unmagnetized cloud com- 

*Based on observations carried out with the IRAM 30-m telescope. IRAM is 
supported by INSU/CNRS (France), MPG (Germany), and IGN (Spain). 



patible to the Pipe nebula, iHeitsch et alJ (120091) p r edicte d 
pressures lower than those required by lLada etail (HH). 
This result suggests that an extra sour ce of pressur e , such 
as magnetic fields, is acting. In fact, iFranco et alj (120101) 
found that most of the Pipe nebula is magneticall y dominated 
and th at turbulence appears to be sub-Alfvenic. lAlves et all 
(120081) have distinguished three regions in the cloud with dif- 
ferentiated polarization properties, proposed to be at different 
evolutionary stages (Fig. Q]). B59, with low polarization de- 
gree (p%) and high polarization vector dispersion (6P.A.), is 
the only magnetically supercritical region and might be the 
most evolved, the stem would be at an earlier evolutionary 
stage, and finally, the bowl, with high p% and low <5P.A., 
would be at the earliest stage. The Pipe nebula is, hence, an 
excellent place to study the initial conditions of core forma- 
ti on which may eve ntually undergo star formation. 

iFrau et aD (120101 hereafter Paper I) presented the first re- 
sults of a molecular line study at high spectral resolution for 
a sample of four cores distributed in the different regions of 
the Pipe nebula. The aim of the project was to chemically 
date the cores through an extensive molecular survey based in 
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Figure 1. Position of the observ ed cores plotted o ver the 2MASS extinction map of the Pipe nebula (Lombardi et al. 2006 ). Black segments represent the mean 
polarization v ector of the region I Alves et al. 2008) with the scale shown on the top left corner of the figure. White boxes depict the size of the 1.2 mm continuum 
maps (Section [2.1l and Fig. [2]of both Paper I and the present work). The dashed lines separate the three different magnetically defined regions l lAlves et aU2008t) . 
The lowest visual extinction (A v ) corresponds to 0.5 magnitudes. The highest A v is observed toward the bowl and B59 regions, where it reaches approximately 
20 magnitudes. 



Table 1 

Source List Observed in Paper I and in this Work. 





a(J2000) 


<5(J2000) 


VLSR* 




Source" 


h m s 


O I II 


(kms- 1 ) 


Region'' 


Core 06 


17 10 31.6 


-27 25 51.6 


+3.4 


B59 


Core 14 


17 12 34.0 


-27 21 16.2 


+3.5 


B59 


Core 20 


17 15 11.2 


-27 35 06.0 


+3.5 


Stem 


Core 40 


17 21 16.4 


-26 52 56.7 


+3.3 


Stem 


Core 47 


17 27 29.6 


-26 59 06.0 


+2.8 


Stem 


Core 48 


17 25 59.0 


-26 44 11.8 


+3.6 


Stem 


Core 65 


17 31 20.5 


-26 30 36.1 


+5.0 


Bowl 


Core 74 


17 32 35.3 


-26 15 54.0 


+4.2 


Bowl 


Core 109 


17 35 48.5 


-25 33 05.8 


+5.8 


Bowl 


" According 


to Lombardi et 


al. 1 2006) numbering. 





fc IRathbome"eTaT]<2008T). 

c According to Alves et al. 1 2008) diffuse gas polarimetric properties. 

two main categori es of molecules: early- and late-time (e.g., 
iTaylor et al.lll998l) . In addition, we mapped the 1.2 mm dust 
continuum emission of the cores. We found no clear corre- 
lation between the chemical evolutionary stage of the cores 
and their location in the Pipe nebula and, therefore, with the 
large scale magnetic field. However, at core scales, there 
are hints of a correlation between the chemical evolutionary 
stage of th e cores and the local magnetic properties. Recently, 
iFrau et all (120 12L hereafter Paper II) have presented a 3 mm 
~15 GHz wide chemical survey toward fourteen starless cores 
in the Pipe nebula. In order to avoid a density bias, we defined 
the molecular line normalized intensity by dividing the spec- 
tra by the visual extinction (Ay) peak, similar to the defini- 
tion of the abundance. We found a clear chemical differentia- 



tion, and normalized intensity trends among the cores related 
to their Ay peak value. We defined three groups of cores: 
"diffuse" cores (Ay<15 mag) with emission only of "ubiq- 
uitous" molecular transitions present in all the cores (C2H, 
C-C3H2, HCO + , CS, SO, and HCN), "oxo-sulfurated" cores 
(Ay-15-22 mag) with emission of molecules like 34 SO, SO2, 
and OCS, only present in this group, and finally, "deuterated" 
cores (Ay>22 mag), which present emission in nitrogen- 
and deuterium-bearing molecules, as well as in carbon chain 
molecules. 

In this paper, we further explored observationally the re- 
lationship among structure, chemistry, and magnetic field by 
extending the sample in five new Pipe nebula cores, for a total 
of nine, and several new molecular transitions. We repeated 
and extended the analysis conducted in Paper I for molecu- 
lar (temperature, opacity, and column density estimates) and 
continuum (dust parameters estimates and comparison with 
previous maps) data. We also derived and analyzed the molec- 
ular line normalized intensities as in Paper EL For the sake of 
simplicity, we omit here technical details, which are widely 
explained in Papers I and II. 

2. OBSERVATIONS AND DATA REDUCTION 

2.1. MAMBO-II observations 

We mapped cores 06, 20, 47, 65, and 74 (according to 
lLombardi et al.l 120061 numbering) at 1.2 mm with the 117- 
receiver MAMBO-II bolometer (array diameter of 240") of 
the IRAM 30-m telescope in Granada (Spain). Core positions 
are listed in TableQ] The beam size is ~11" at 250 GHz. The 
observations were carried out in March and April 2009 and 
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Table 2 

Molecular transitions observed toward the Pipe nebula cores with the IRAM 
30-m antenna. 



Frequency Beam" Beam Av ( 

Molecule Transition (GHz) (") efficiency'' (kins -1 ) Type'' 

C,H 2 (2i, 2 -li,o) 85.3389 28^8 0.78/0.81 (X07 ~ 

C 2 H (1-0) 87.3169 28.1 - /0.81 0.07 E 

HCN (1-0) 88.6318 27.7 0.78/0.81 0.07 E 

N,H + (1-0) 93.1762 26.4 0.77/0.80 0.06 L 

C 34 S (2-1) 96.4130 25.5 - /0.80 0.06 E 

CH 3 OH (2_ u -l- u ) 96.7394 25.4 - /0.80 0.06 L? 

CH3OH (2 .2-lo,i) 96.7414 25.4 - /0.80 0.06 L? 

CS (2-1) 97.9809 25.1 0.76/0.80 0.06 E 

C 18 (1-0) 109.7822 22.4 - /0.78 0.05 E 

"CO (1-0) 110.2014 22.3 - /0.78 0.05 E 

CN (1-0) 113.4909 21.7 0.75/0.78 0.05 E 

C 34 S (3-2) 146.6171 16.8 - /0.74 0.04 E 

CS (3-2) 146.6960 16.8 - /0.73 0.04 E 

N,D + (2-1) 154.2170 16.0 0.77/0.72 0.04 L 

DCO+ (3-2) 216.1126 11.4 0.57/0.62 0.03 L 

C 18 (2-1) 219.5603 11.2 - /0.61 0.03 E 

"CO (2-1) 220.3986 11.2 - /0.61 0.05 E 

CN (2-1) 226.8747 10.9 0.53/0.60 0.03 E 

N 2 D + (3-2) 231.3216 10.6 0.67/0.59 0.03 L 

H 13 CO t (3-2) 260.2554 9.5 0.53/0.53 0.02 L 

° [HPBW/"]=2460x[fteq/GHz]- 1 

1 http://www.iram.es/IRAMES/telescope/telescopeSummary/telescope_summary.html 1 
" ABCD and EMIR receiver, respectively 
c Spectral resolution. 

d E = Early-time. L = Late-time. See Paper I for details. 

in January and March 2010, in the framework of a flexible 
observing pool, using the same technique and strategy as in 
Paper I. A total of 16 usable maps were selected for analysis: 
4 for cores 06 and 74, 3 for cores 20 and 47, and 2 for core 65. 
The weather conditions were good, with zenith optical depths 
between 0.1 and 0.3 for most of the time. The average cor- 
rections for pointing and focus stayed below 3" and 0.2 mm, 
respectively. The maps were taken at an elevation of <25° 
because of the declination of the sources. 

The data were reduced using MOPSIC and figures were cre- 
ated using the GREG package (both from the GILDAS 1 soft- 
ware). 

2.2. Line observations 

We performed pointed observations within the regions of 
the cores 06, 20, 47, 65, and 74 with the ABCD and EMIR 
heterodyne receivers of the IRAM 30-m telescope covering 
the 3, 2, 1.3 and 1.1 mm bands. The observed positions were 
either the C ls O pointing center reported by iMuench et al.l 
(I2007L depicted by star symbols in Fig. or the pointing 
position closer to the dust continuum peak (circle symbols 
in Fig. 0. The epochs, system configuration, technique, and 
methodology used are the same as in Paper I. We present also 
new molecular transitions observed toward the whole sam- 
ple of nine cores in the same epochs as Paper I: CH3OH, 
13 CO and C ls O in the (1-0) and (2-1) transitions, and CS 
and C 34 S in the (3-2) transition. System temperatures, in 
Tmb scale, ranged from 200 to 275 K (3 mm) and from 440 
to 960 K (1 mm) for good weather conditions, and reached 
450 K (3 mm) and 3200 K (1 mm) for bad weather condi- 
tions. 

Additional pointed observations were performed in August 
2011 toward the dust emission peak of cores 06, 14, 20, 40, 
47, 48, 65, and 109 (Table [3] of both Paper I and the present 

1 MOPSIC and GILDAS data re duction packages are available at 
http://www.iram.fr/IRAMFR/GILDAS 



work). The EMIR E0 receiver, together with the VESPA au- 
tocorrelator at a spectral resolution of 20 kHz, was tuned to 
the C2H (1-0) transition. Six spectral windows were set to 
the six hyperfine components of t he transition (spanning from 
87.284 to 87.446 GHz; Table 4 of iPadovani et^l2009l . Fre- 
quency switching mode was used with a frequency throw of 
7.5 MHz. System temperatures ranged from ~100 to ~125 K. 

Table 12 shows the transitions and frequencies observed, as 
well as the beam sizes and efficiencies. Column 6 lists the 
velocity resolution corresponding to the channel resolution of 
the VESPA autocorrelator (20 kHz). Column 7 specifies the 
evolutive category of each molecule (i.e. early- or late-time 
molecule). We reduced the data using the CLASS package 
of the GILDAS software. We obtained the line parameters 
either from a Gaussian fit or from calculating their statistical 
moments when the profile was not Gaussian. 

3. RESULTS AND ANALYSIS 

In this Section, we present the dust continuum emission 
maps for five new Pipe nebula cores to be analyzed together 
with the four cores already presented in Paper I. We also 
present molecular line observations for the new five cores in 
the same transitions presented in Paper I, as well as several 
new transitions for the nine cores. Finally, following Paper II 
analysis, we derive the normalized intensities of the detected 
molecular transitions. A detailed explanation of the method- 
ology can be found in Papers I and II. 

3.1. Dust continuum emission 

In Fig.|2]we present the MAMBO-II maps of the dust con- 
tinuum emission at 1 .2 mm toward the five new cores of the 
Pipe nebula, convolved to a 21. "5 Gaussian beam in order 
to improve the signal-to-noise ratio (SNR), and to smooth 
the appearance of the maps. Table [3] lists the peak posi- 
tion of th e 1 .2 mm emission aft er convolution, the dust tem- 
perature dRathborne et al.ll2.Q08l) . the rms noise of the maps, 
the flux density and the value of the emission peak. Addi- 
tionally, we also give the derived full width half maximum 
(FWHM) equivalent diameter, H2 column density (Nn 2 ), H2 
volume density («h 2 ) density, and mass for each core (see 
Appendix A in Paper I for details). These parameters are 
derived from the emission within the 3-cr level assuming 
^250 ghz=0.0066 cm 2 g -1 as a mediu m value between dust 
grain s with thin and thick ice mantles (lOssenkopf & Henningl 
119941) . and discussed in SectionH 

The flux density of the cores ranges between ~0.40 and 
~1 .52 Jy, while the peak value ranges between ~21 and 
~43 mJy beam -1 . The maps of Fig. [2] show the different 
morphology of the five cores. Core 06, located in the most 
evolved B59 region, shows one of the weakest emission lev- 
els (~0.6 Jy) of the present sample. It is the most compact 
(~0.05 pc) and densest (~1.5xl0 5 cm -3 ) core of the five. It 
shows similar physical properties to core 14 (Paper I), also 
in the B59 region. The two cores located in the stem, 20 
and 47, show a very diffuse nature with elliptical morpholo- 
gies similar to the previously presented stem core 48. The 
three of them have similar physical properties in terms of size 
(-0.09 pc) and density (~3xl0 4 cirT 3 ). The bowl cores, 65 
and 74, do not show a defined morphology. Their sizes, den- 
sities and masses are very different. Core 65 is more com- 
pact and denser, while core 74 shows properties compara- 
ble to those of the stem cores. The morphology of the dust 
continuum emission for all the cores is in good agreement 



C3H2 


(2i, 2 -li.o) 


85.3389 


28.8 


0.78/0.81 


0.07 


C 2 H 


(1-0) 


87.3169 


28.1 


- /0.81 


0.07 


HCN 


(1-0) 


88.6318 


27.7 


0.78/0.81 


0.07 


N 2 H + 


(1-0) 


93.1762 


26.4 


0.77/0.80 


0.06 


c 34 s 


(2-1) 


96.4130 


25.5 


- /0.80 


0.06 


CH3OH 


(2-1.2-1-1,0 


96.7394 


25.4 


- /0.80 


0.06 


CH3OH 


(2o. 2 -lo,i) 


96.7414 


25.4 


- /0.80 


0.06 


CS 


(2-1) 


97.9809 


25.1 


0.76/0.80 


0.06 


C 18 


(1-0) 


109.7822 


22.4 


- /0.78 


0.05 


"CO 


(1-0) 


110.2014 


22.3 


- /0.78 


0.05 


CN 


(1-0) 


113.4909 


21.7 


0.75/0.78 


0.05 


C 34 S 


(3-2) 


146.6171 


16.8 


- /0.74 


0.04 


CS 


(3-2) 


146.6960 


16.8 


- /0.73 


0.04 


N 2 D + 


(2-1) 


154.2170 


16.0 


0.77/0.72 


0.04 


DCO+ 


(3-2) 


216.1126 


1 1.4 


0.57/0.62 


0.03 


C 18 


(2-1) 


219.5603 


1 1.2 


- /0.61 


0.03 


"CO 


(2-1) 


220.3986 


1 1.2 


- /0.61 


0.05 


CN 


(2-1) 


226.8747 


10.9 


0.53/0.60 


0.03 


N 2 D + 


(3-2) 


231.3216 


10.6 


0.67/0.59 


0.03 


H"CO + 


(3-2) 


260.2554 


9.5 


0.53/0.53 


0.02 
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Figure 2. IRAM 30-m MAMBO-II maps of the dust continuum emission at 1.2 mm toward five cores of the Pipe nebula. The grayscale levels for all the maps 
are 3 to 18 times 5.75 mjy beam -1 . The contour levels are 3 to 10 times a in steps of 1-cr, where 1-cr is 4.0, 4.5, 4.9, 4.4, and 4.3 mJybeam -1 for core 06, 20, 
47, 65, and 74, respectively. The red thick contour marks the half maximum emission level of the source (TablefS). Black stars indicate the C ls O pointing center 
report ed by|Muench et al. 1 2007]). Black filled circles indicate the position where line observations have been performed, if different from the lMuench et alj 
120071) position, clo ser to the dust continuum emission maximum which falls into the beam area. The blue vectors depict the polarization vectors found by 
Franco et al. (2010). In the bottom left corner of the bottom middle panel the convolved beam and the spatial scale for the maps are shown. 



Table 3 

1.2 mm continuum emission parameters. 





ff(J2000) " 


<5(J2000) " 




rms 


Sy 


1 V 


Diameter * 




"H, c 


Mass 


Source 


h m s 


o t It 


(K) 


(mjy beam -1 ) 


(Jy) 


(mjy beam -1 ) 


(pc) 


(10 21 cm -2 ) 


(10 4 cm -3 ) 


(Me) 


Core 06 


17 10 31.8 


-27 25 51.3 


10.0'' 


4.0 


0.58 


42.6 


0.051 


16.18 d 


15.44 d 


0.88'' 


Core 20 


17 15 11.5 


-27 34 47.9 


15.2* 


4.5 


1.52 


42.6 


0.088 


7.33 


4.04 


1.20 


Core 47 


17 27 24.3 


-26 57 22.2 


12.6 e 


4.9 


0.73 


28.5 


0.093 


4.17 


2.18 


0.76 


Core 65 


17 31 21.1 


-26 30 42.8 


10.0'' 


4.4 


0.48 


36.1 


0.053 


12.39 d 


1 1.38 rf 


0.73 d 


Core 74 


17 32 35.3 


-26 15 54.0 


10.0'' 


4.3 


0.40 


21.4 


0.097 


3.11 d 


1.56 rf 


0.61 d 



" Dust continuum emission peak. 

* Diameter of the circle with area equal to the source area satisfying / F >/J] eak /2 

c Assuming K250 GHz=0.0066 cm 2 g _1 as a medium value between dust grains with thin and thick ice mantles ( Ossenkopf & Hennina 1994). See Appendix 1 in 
Paper I for details on the calculation. 

'' No kinetic temperature estimate, therefore we assumed 10 K based on the average tempera tures of the other cores in the Pipe nebula I Rathborne et al. 2008 ). 
' Adopted to be equal to the kinetic temperature estimated from NH3 (Rathborne et al. 2008|). 



with that of previous extin ction maps dLombardi et alj[2006h 
iRoman-Zuniga et al.ll2009b . 

3.2. Molecular survey of high density tracers 

We present molecular line data observed toward the dust 
continuum emission peak or tow ard the C ls O peak position 
reported bv lMuench et alj (120071 for more details see Fig. [2}, 
defined as the core center and supposed to exhibit brighter 
emission from molecular transitions. As discussed in Paper I, 



the chemical properties derived toward the dust emission peak 
are representative of the chemistry at the core center. Our 
higher resolution dust emission maps show a peak offset with 
respect to the C ls O for cores 20 and 47. For the former one, 
the offset is only ~20" while for the latter, more diffuse one, 
the offset is of ~130"(see Section l4~4l . 

In Figs. [8lfT2l we show the spectra of the different molec- 
ular transitions observed toward the dust continuum emission 
peak of each core. Figures |8]-|9] show the molecular transi- 



Starless Cores in the Pipe Nebula II 



5 




H+C 

Simple - 



H+N 



H+C+O 



H+C+S 



-2 2 

H+N+C Deuterated 



Molecular families 



-^•Complex 



Figure 3. Selected normalized molecular transitions toward the observed cores. The brightest transition is shown for the C2H, CH3OH, and HCN lines. The 
scale is shown in the bottom right spectrum. The normalized intensity axis ranges from -0.33 to 1, while the velocity axis spans 5 km s centered at the systemic 
velocity of the core. Rows: individual cores, labeled on the left-hand side of the figure, ordered by its Ay peak. Columns: molecular transition, ordered by 
molecular families, la beled on the top of the figur e. The spectra have been divided by [Ay/ 100 mag] to mimic the abundance, where the Ay value is that at the 
respective core center I Roman-Zunisa et al. 2010 ) given below the core name. Each molecular transition has been multiplied by a factor, given below its name, 
to fit in a common scale. 



tions with and without hyperfine components, respectively, 
for the five new cores. The new molecular transitions for 
the whole sample of nine cores are shown in Figs. [TOl - HTl 
for those with hyperfine components, and Fig. [12] for those 
without hyperfine components. Table [4] summarizes the de- 
tections or the 3<t upper limits of the non detections toward 
the whole sample of nine cores. We found that early-time 
molecules are broadly detected over the whole sample. Sev- 
eral of them were detected toward all the cores: CH3OH (2- 
1), CS in the (2-1) and (3-2) transitions, and 13 CO and C ls O 
in the (1-0) and (2-1) transitions. On the other hand, only a 
few cores present emission of late-time molecules. The cores 
with «h 2 >10 5 cm 3 (06, 14, 40, and 109 but not 65) presented 
more detections than shallower cores and, indeed, were the 
only cores presenting N2H + emission. Tables [6]-[8] give the 
parameters of the detected lines. Regarding the line proper- 



ties, the Vlsr measured for different species are generally con- 
sistent within 0.2 km s . Intensities vary significantly over 
the sample: cores 06, 40 and 109 are generally bright while 
the rest of the sample shows fainter emission. "Bright" lines 
(7mb>0.2 K) are mostly very narrow (0.2<Av<0.3 km s _1 ), 
although transitions of CO and CS isotopologues can show 
broader profiles (Av<0.5 km s _1 if "bright"). In some cases, 
this broadening can be explained in terms of a second velocity 
component generally merged with the main one (cores 06 and 
20 in CS, and cores 06, 14, 47, 74, and 109 in 13 CO). 

In addition to the line parameters, we derived the molecular 
column densities for all the detected species (see Appendix B 
in Paper I for details) which are listed in Tables l9TTT0l For the 
transitions with detected hyperfine components (C2H, HCN, 
N2H + , CH3OH, and CN), we derived the opacity using the hy- 
perfine components fitting method (HFS) of the CLASS pack- 
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Table 4 

Summary of detections and upper levels in K toward the Pipe nebula cores" . 



Molecular 



Core 



Figure 4. Normalized integrated intensity (Ay 1 f TMBdv) of selected molecular transitions divided by its maximum value as a function of the logarithm of 
the core A\ peak. Each panel shows the molecular transition in the top right corner. The backend is labeled below the molecular transition: VESPA panels 
present the nine cores of Paper I and present work, while FTS panels present the fourteen cores of Paper II. Filled circles represent the nine cores of Paper I and 
present work, stars represent the other six cores from Paper II (08, 12, 33, 56, 87, and 102), and arrows represent upper limits. Molecules have been split into 
the three categories defined in Paper II, labeled on the top of each group. The blue dot-dashed and red dashed vertical lines mark the transition from "diffuse" to 
"oxo-sulfurated", and from "oxo-sulfurated" to "deuterated" cores, respectively. The horizontal dashed line marks a third of the peak value which helps to show 
the behavior change of the "oxo-sulfurated" and "deuterated" lines in our sample. The maximum values for each molecular transition are, in K km s _I mag -1 , 
0.114, 0.036, and 0.030 for the ubiquitous C 18 0, CS, and C 2 H, 0.059 and 0.025 for the "oxo-sulfurated" SO and CH3OH, and 0.003, 0.010, and 0.019 for the 
"deuterated" C-C3HD, N2H + , and HC3N, respectively. 

sitions, and 13 CO and C 18 in the (1-0) and (2-1) transitions, 
we derived numerically the opacity. Table QT| shows the H2 
column density of the cores for different angular resolutions. 
Tables [12]-[T3] give the molecular abundances with respect to 
H 2 . 

Figure [3] shows the normalized intensities with respect to 
the core Ay peak of a selection of detected molecular tran- 
sitions toward the sample of Paper I and the present work. 
Some of the lines were already presented in Paper II (except 
for core 74), although here are shown with a higher spectral 
resolution (e.g., the 3 mm C2H, C-C3H2, and HCN line). The 
13 CO and C 18 isotopologues can be considered as "ubiqui- 
tous" because they are present in all the observed cores (for 
cores 40, 48, and 65, the CO lines present intense emission 
but were observed toward a position that is offset from the 
core peak position). Their general trend is to decrease as den- 
sity increases. The C 34 S (2-1) line, which is optically thin, 
shows a similar trend as the main isotopologue (see Paper II), 
considered also as "ubiquitous". The decrease in the normal- 
ized intensity in the CS lines is only apparent for the densest 
core 109. The CN normalized intensities are larger toward 
the densest cores, which suggests that CN is typically asso- 
ciated with the "deuterated" group. Late time species, such 
as N2I-L and N2D + , are only present in the densest cores and 
their emission tends to be brighter with increasing density, 
confirming that both species are typical of the "deuterated" 
group. These general results are in agreement with the obser- 
vational classification of cores presented in Paper II, which is 
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age. For the molecular transitions observed in more than one 
isotopologue, this is CS and C 34 S in the (2-1) and (3-2) tran- 
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based on a wider molecular survey at 3 mm. 

Finally, we defined the observational normalized integrated 
intensity (Nil) as (J Ty^dv^ /Ay, to illustrate the different 
behavior of the molecular transitions that motivated the ob- 
servational core classification proposed in Paper II. Figure [4] 
shows Nil divided by its maximum value in the sample for se- 
lected molecular transitions typical of the three core groups: 
"diffuse", "oxo-sulfurated", and "deuterated". "Ubiquitous" 
species are present in all the cores and their Nil tends to 
decrease as the central density increases indicating possi- 
ble depletion. "Oxo-sulfurated" species show low Nil val- 
ues except for a narrow range of densities (Ay- 15-22 mag). 
CH3OH (2o,2— lo,i) shows a similar behavior to the "oxo- 
sulfurated" species previously identified (e.g. SO, SO2, and 
OCS; Paper II) but seems to peak at slightly larger densities 
(Ay~20-23 mag). "Deuterated" species are only present to- 
ward the densest cores and their Nil values increase with in- 
creasing density. 

3.3. LTE status through hyperfine structure 

We followed the procedure developed in iPadovani et alj 
( 120091) to study the departures from Local Thermodynamic 
Equilibrium (LTE) of two of the molecular transitions with 
hyperfine components, C2H (1-0) and HCN (1-0), toward the 
Pipe nebula starless cores. By comparing ratios of integrated 
intensities between couples of the z'-th and y'-th component, 
Rij, it is possible to check for opacity degree and LTE depar- 
tures (Fig. [5]). Under LTE and optically thin conditions, the 
relative weightings of C2H (1-0) hyperfine components have 
the form 1:10:5:5:2:1, whereas for HCN (1-0) the relative in- 
tensities are 3:5:1. Figure [5] suggests that cores 40 and 109 
are the most optically thick, in agreement with the determi- 
nation of t from the HFS fit in CLASS (Table©, while the 
other cores are optically thin. Core 20 is a particular case 
because it shows R54 and Rn values in C2H that cannot be 
reproduced with any value of r. This can be explained as the 
result of enhanced trapping due to an overpopulation of the 
(N, J, F) = (0, 1/2, 1) level, where mos t N - I - transition s 
end (except for components 3 and 6; IPadovani et alj[2009t) . 
This means that these results have to be thought in a qual- 
itative way, since lines of very different intrinsic intensities 
experience different balance between trapping and collisions 
leading to excitation anomalies. The hyperfine components of 
HCN (1-0) do not obey the LTE weightings. For instance, as 
shown in Fig. [8j core 6 is affected by strong auto-absorption 
of the F-l-l and F-2-1 components. Similarly, F=l-1 is 
stronger than F=2-l in core 20. A more reliable determina- 
tion of the HCN abundance would be given by the 13 C (or 
15 N) isotopologue of HCN (IPadovani et al.11201 lb . In general, 
cores seem to be close to LTE with those next to the optically 
thin limit showing the smallest LTE departures. 

4. DISCUSSION 

4.1. Observational maps and physical structure of the cores 

The extinction maps show that the cores in the Pipe neb- 
ula are surrounded by a diffuse medium (see F ig. Q] and 
lLombardi et alj|2006l) . iRoman-Zuniga et al.l ( 120121) show that 
the 1.2 mm continuum MAMBO-II maps underestimate the 
emission from the diffuse molecular component due to the 
reduction algorithms (see also Paper I). To study this effect, 
we compared, at the center of the nine cores, the A^h, derived 
from the MAMBO-II maps (TablefTTIl with t he Ay value from 
the extinction maps of lRoman-Zuniga et al.l (120091 120101) . We 




0.4 - 



0.4 0.6 0.8 1.0 1.2 1.4 1.6 

Figure 5. Ratio of the integrated inte nsities of couples of components of 
C2H (1-0) (upper panel, see Table 5 in Padovani et al. 2009 for labels) and 
HCN (1-0) (lower panel, see Table B.l in [Padovani et al. 20lT| for labels). 
Empty circles: observational data labeled with the respective core number. 
Red solid lin e: one-slab LTE mo del, optical depth increases in the arrow 
direction (see Padovani et al. 2009 for details). 

found a statistically significant correlation that can be ex- 
pressed as 

A v = (6.7 + 1.5) + (1.27 + 0.12) x lO~ 2l N Hl . (1) 

The proportionality factor is compatible with the standar d 
value (1.258x10 21 mag cm^ lWagenblast & Hartquistll989h . 
However, the comparison evidences that the 1.2 mm maps 
underestimate the column density in average by an Ay of 
6.7 mag, which is likely the contribution from the diffuse 
cloud mate rial. As a consequence, the Ay pe ak values of the 
cores (froml oman-Zuniga et al. 2009, 2010) should be taken 
as upper limits of their column densities. 

The statistics of this study have increased with the whole 
nine core sample. In Table [5] we show the main physical, 
chemical and polarimetric properties of the starless cores with 
respect to core 109 ordered by its decreasing Ay peak. Col- 
umn and volume density, and total mass tend to decrease 
accordingly. On the contrary, the core diameter tends to 
increase. This suggests that denser cores are smaller and 
more compact, which is expected for structures in hydro- 
static equilibrium such as Bonnor-Ebert spheres (Frau et al., 
in prep.). Under such assumption, gravitationally unstable 
cores (rc H2 >10 5 cm 3 : iKeto & Casell |2008i) would slowly 
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Figure 6. Relation of the core major axis orientation (6 core ) to different phys- 
ical parameters, a: core against mean polar ization angle (#p i) of the corre- 
sponding observed field (Franco et al. 2010). b-d: flp i-#core as a function of 
core Ay peak I Roman-Zuniga et al. 2009, 2010), polarization fraction (/>%) 
and polarization angle dispersion (5P.A.), respectively. 

condense through a series of subsonic quasi-static equilib- 
rium stages until the protostar is born and gravitational col- 
lapse starts, while gravitationally stable cores (n H2 <10 5 cm 4 ) 
would achiev e the equilibrium sta te and survive under modest 
perturbations dKeto & Fieldl2005l) . The former group of cores 
would become denser with time while developing an increas- 
ingly richer chemistry, while the latter group would show a 
density-dependent chemistry (either in terms of active chem- 
ical paths and excitation effects) stable in time. This likely 
trends are supported by the clear correlation of the core chem- 
istry with the visual extinction peak of th e cor e and, therefore, 
its central density and structure (Section [4.5b . Regarding the 
increasing mass with increasing central density, it seems un- 
likely that these young, diffuse cores efficiently accrete mass 
from the environment. This trend is most likely related to 
the initial conditions of formation of condensations in the low 
end of the cloud mass spectrum: an initially more massive 
condensation is more likely to form a dense structure. 

4.2. Relationship between the large scale magnetic field and 
the elongation of the cores 

The Pipe nebula cores are embedded in a sub-Alvenic 
molecular clou d that is threaded with a strikingly uniform 
magnetic field (lAlves et al.ll2Q08b iFranco et al.ll2Q 1 0b . Thus, 
it is possible that the core formation is related to the mag- 
netic field and its direction is related to the core elongations. 
Figure [2] of both Paper I and the present work show that the 
polarization vectors calculated from optical data cannot trace 
the densest part of the cores although the vectors lie very close 
to the core boundaries (up to Ay~5 mag). To derive the orien- 
tation of the core major axis, we computed the integrated flux 
within the FWHM contour for a series of parallel strips (11" 
wide), with position angles in the -90° to 90° range. The ma- 
jor axis is oriented in the direction with the largest integrated 
flux on the fewest strips. We found no correlation between the 
orientation of the major axis of the core, t? core , and the diffuse 
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Figure 7. Top panel: line width of the C2H (1-0) and N 2 H + (1-0) lines, 
colored in red and blue, respectively, as a function of the logarithm of the 
core Ay peak. Bottom panel: Same as top panel but for the C ls O (2-1) and 
CH3OH (2-1) lines, colored in red and blue, respectively. Colored dashed 
horizontal lines show the corresponding thermal line width for each molecule 
for a temperature of 10 K. Black dashed horizontal lines show the average 
thermal line width plus the sound speed (C,) at 10 K. Vertical dotted lines 
mark the Ay peak of each core, which in the case of similar values (cores 47 
and 48, and 20 and 65) have been slightly displaced. 

gas mean magnetic field direction around the cores (0p o i, see 
Fig- Eh)- T° investigate more subtle effects, we compared for 
each core the difference between polarization position angle 
and the major axis orientation (6p o \-0 cole ) with respect to the 
Ay peak, the polarization fraction (p%) and polarization angle 
dispersion (SP. A.) estimated in a reg ion of few arc-minutes 
around the cores (IFranco et al.l 120100 . The results of these 
comparisons are shown in panels b, c and d of Fig. [6] respec- 
tively. Again, it seems that there are no clear correlations be- 
tween these quantities. 

These results suggest that the well-ordered, large scale 
magnetic field that may have driven the gas to form the ~ 15 pc 
long filamentary cloud, and shows uniform properties for 
the diffuse gas at scales ranging <0.01 pc up to several pc 
(IFranco et al.ll2010T) . has little effect in shaping the morphol- 
ogy of the denser ~0.1 pc cores. At intermediate scales, 
iPeretto et al.l (120121) suggest that a large scale compressive 
flow has contributed to the formation of a rich, organized net- 
work of filamentary structures within the cloud, ~0. 1 pc wide 
and up to a few pc long, which tend to align either parallel or 
perpendicular to the magnetic field. If this is the case, then, 
rather than ambipolar diffusion, other mechanisms such as a 
compressive flow should play a major role in the f ormation of 
the Pip e nebula cores. However, as pointed out bv lLada et alj 
( l2008h . the cores in the Pipe nebula evolve on acoustic, and 
thus, slow timescales (~10 6 yr), allowing ambipolar diffusion 
to have significant effects. Furthermore, the lack of spheri- 
cal symmetry demands an anisotropic active force. Projec- 
tion effects, together with the small statistical sample, require 
a deeper study of the magnetic field properties. In order to 
extract firm conclusions and disentangle the nature of the for- 
mation of the Pipe nebula cores, the magnetic field toward the 
dense gas needs to be studied. 
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Table 5 

Pipe nebula Core General Properties with Respect to Core 109° 



Source Diameter Mass N H , n Hl _ p* 5P.A* X(C ls O) X(CS) X(C 2 H) X(C 3 H 2 ) X(CH 3 OH) X(CN) X(N 2 H + ) 

(pc) (M ) (10 21 cnr 2 ) (10 4 cnr 3 ) (%) (°) (10"") (1(T U ) (lO" 11 ) (10 -11 ) (10"") (KT 11 ) (lO" 11 ) 

Core 109 0.063 4.00 47.60 36.57 11.0 3.9 1324.6 40.2 34.1 52.8 443 8/7 2.2 

Relative Values (%) 

Core 109 100 100 100 100 100 100 100 100 100 100 100 100 100 

Core 40 165 63 23 14 42 222 517 168 335 52 272 480 208 

Core 06 86 23 32 38 22 249 323 315 125 12 609 105 243 

Core 14 113 35 28 25 18 404 1051 752 89 7 368 121 44 

Core 20 141 28 14 10 29 160 752 576 295 <7 186 < 36 < 37 

Core 65 105 26 23 22 126 80 608 - <3 <2 99 < 13 < 20 

Core 74 154 16 7 4 140 84 303 435 <3 < 5 96 < 27 < 36 

Core 48 202 52 13 6 18 838 553 539 162 < 2 72 < 20 < 25 

Core 47 146 19 9 6 56 101 521 - 298 13 204 511 117 



" Molecules are ordered from earlier to later synthesization. Cores are ordered in three groups following Paper II. 
* IFranco et afl<20lOl) 



4.3. Velocity dispersion analysis 

Figure [7] shows the FWHM line width of four selected 
molecular transitions at 3 mm as a function of the core Ay 
peak. Whereas the C ls O and CH3OH lines show an almost 
constant line width of 0.3-0.4 km s for most cores (ex- 
cept core 65), the C2H and N 2 H + lines have a lower line 
width, 0.20-0.25 km s , except for the cores with lower vi- 
sual extinction (47, 48 and 20). The v alues of the C 1 8 Q line 
are in agreement with those found by iMuench et al.l (120071) 
with lower angular resolution. In most cases, the line widths 
are only 2-3 times the thermal broadening at 10 K. These 
line widths imply a subsonic non-thermal velocity dispersion, 
cr NT , of 0.06-0.09 km s 1 for the N 2 H + and C 2 H lines, re- 
spectively, and of 0.12-0.16 km s _1 for the C ls O and CH3OH 
lines, respectively. Therefore, the thermal pressure dominates 
the internal pressure of the cores, which is a general charac- 
teristic of the Pipe nebula (lLada et al.ll2008l) . For the higher 
density cores (Ay> 17 mag), smaller cr NT for the N 2 H + and 
C 2 H lines with respect to C ls O and CH3OH lines suggests 
that the former transitions are tracing the inner regions of the 
core. However, cores 47 and 48 present a peculiar reverse 
case in the line width properties, i.e., the C 2 H and N 2 H + lines 
are significantly wider and clearly supersonic. This is com- 
patible with the plausible scenario of core 47 (and probabl y 
core 48) being a failed core in re-expansion dFrau et al.l2012l) . 
on which the centrally synthesized and initially narrow N 2 H + 
and C 2 H (1-0) lines are now part of the disrupted gas. But 
it is puzzling that the C 18 and CH3OH lines are still narrow 
and subsonic, unless they trace a part of core that still remains 
unperturbed. A complete mapping of these cores is needed to 
reveal their striking nature. 

4.4. Discussion on the individual cores 

Core 06, located in the western part of B59, is a compact 
and dense core. The dust continuum emission is similar to 
the extinction maps (iRoman-Zuniga et"ai1 120091) . The core 
shows a rich chemistry with bright detections of all the early- 
time and some late-time molecules. The core has the brightest 
emission and highest abundance of CH3OH of the sample, as 
well as the highest N 2 H + abundance. Unlike core 109, it has 
a high CS abundance suggesting that it has not been depleted 
yet. All these features suggest that core 06 is in the "oxo- 
sulfurated" group close to the "deuterated" cores. 

Core 20, located in the stem, shows in the 1.2 mm map 



two components: a compact and bright one surrounded by 
a second one, extended and diffuse. Most of the early-time 
molecules were detected, and thus, this core seems to be very 
young chemically showing abundances in CS and CH3OH 
among the highest. Normalized intensities are in general quite 
large for its density (Fig.[3j, and it has a very large SO normal- 
ized integrated intensity as core 47 (Fig.©. These signposts 
suggest that core 20 belongs to the "oxo-sulfurated" group. 

Core 47, located between the stem and the bowl, has ex- 
tended and diffuse dust emission. It shows a fairly uni- 
form and weak emission all over the Ay and MAMBO-II 
maps. This can explain the peak position difference of ~130" 
between the dust em ission map and the position taken by 
IMuench et al.l ((2007) for the line observations. It shows weak 
line emission, only in early-time molecules. It is the second 
least dense core of the sample (~2xl0 4 cm' 3 ) , yet the molecu- 
lar abu ndances tend to be among the highest. Rat hborne et al.l 
(120081) report a clear detection of NH3 (1,1) and hints of emis- 
sion in the (2,2) transition. Figure [8] shows a marginal detec- 
tion at 3<x level of the N 2 H + (1-0) brightest hyperfine com- 
ponent. The high molecular abundances and the emission of 
certain molecular line tracers of the "oxo-sulfurated" group, 
together with its diffuse morphology and low density typical 
of the "diffuse" cores, suggest that core 47 may be an evolved 
failed core now in re-expansion as already suggested in Pa- 
per II. The relatively broad lines in some of the species (see 
Section |4~3l support this scenario. 

Core 65, located in the bowl, is the central core of a group 
of three (see Fig. [2j. Its density is in the limit between those 
of the "diffuse" and "oxo-sulfurated" cores. It has a very 
poor chemistry with only "ubiquitous" early-time molecules 
detected (CO, CS, and CH3OH) with abundances among the 
lowest of the sample. The line widths, ~0.6 km s _1 , appear to 
be larger than those of the other cores. 

Finally, core 74, located in the bowl, is extended and dif- 
fuse similarly to core 47. It also shows a very poor chemistry 
with only "ubiquitous" early-time molecules detected (CO, 
CS, and CH 3 OH). 

It is useful to review the data from [Rathborne et"aTl (120081) . 
The late-time molecule NH3 in the (1,1) transition is de- 
tected in cores 06, 20, 47, and marginally in 65. These 
cores belong to the "oxo-sulfurated" group, which sug- 
gests that NH3 is formed in this phase. CCS is consid- 
ered an early-time molecule with a lifetime of <3xl0 4 yr 
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dde Gregorio-Monsalvo et al]|2006l) . It is only marginally de- 
tected toward core 06, therefore suggesting that it might be 
very young. Core 74 does not show any emission, in agree- 
ment with the poor chemistry detected in our 3 mm surveys. 
These results also suggest that the five cores are in a very early 
stage of evolution. 

4.5. Qualitative chemistry discussion 

The molecular transitions from Paper I and this work in- 
crease the number of typical lines of the core categories estab- 
lished in Paper II. Four of the five cores have lower densities 
than the initial subsample (except for core 48, Table ITTb. and 
thus, we are now including in the analysis shallower cores 
that might be more affected by the external radiation field 
and that show a younger chemistry (although t he timescale 
to form the core may in fluence this evolution: Tafalla et al. 
l2004tlCrapsieFaT1l2005l) . 

We found a complex chemical scenario toward the Pipe 
nebula cores. However, as pointed out in Paper II, it seems 
that there is a chemical trend with density in the form of three 
differentiated core chemical groups. We remind that the Ay 
values should be interpreted as u pper limits for the column 
density of the cores (Section 14.11 ). and that the column den- 
sities derived from the dust emission maps show larger dif- 
ferences than the Ay values. These facts translate to larger 
abundance differences among the cores as compared to the 
normalized intensity differences. The molecular trends, how- 
ever, are compatible. We will base our analysis in the com- 
bination of the results obtained via the normalized intensities 
and normalized integrated intensities (Figs. [3] and [H, and of 
the molecular abundances with respect to the IT (Table |5J, to 
which we will refer generically as abundances. C 18 and CS 
lines appear to be "ubiquitous", as they are detected in all the 
cores. Their abundances decrease with column density due to, 
probably, an increasingly efficient depletion for both species 
(and isotopologues) as density grows. The variation of the 
CN abundance among the cores has increased with respect to 
Paper I (up to a factor of ~33 in abundance: Table [T3l. due 
to the addition of more diffuse cores. The lower limits are in- 
deed very low, and thus, we are now exploring even younger 
chemical stages of these starless cores. All these features 
suggest that CN (1-0) is a transition typical of the "deuter- 
ated" group. A nitrogen- (N2H + ) and a deuterium-bearing 
(C-C3HD) species, and a carbon chain molecule (HC3N) are 
shown in Fig. H] These late-time molecules, present toward 
the densest objects, are not detected in low density cores. 
They are only present after achieving a density threshold, and 
exhibit increasing abundances as density grows. These tran- 
sitions seem to be typical of the "deuterated" cores, which is 
consistent with the detection of NH2D (li,i-lo,i) toward this 
core group in Paper II. 

In order to analyze possible excitation effects in the detected 
emission we consider now the N ?H + (1-0) transition w hose 
critical density (n cr = 2x10 s cm" 3 : lUngerechts et al.fl997b lies 
within the density range of the studied cores. The different ex- 
citation conditions could explain the differences between the 
densest core (109) and the least dense cores with no detections 
(20, 48, and 74), having the latter ones «h 2 (toward the central 
beam der ived from Table ITTb clo se to n a . Indeed, we used 
RADEX (Ivan der Tak et al. H2007I) assuming as representative 
values X(N 2 H + )=2xlO" n , 7=10 K, and cr=0.25 km s" 1 , and 
found that a volume density increase from 4x10 s cm" 3 to 
1.4xl0 6 cm" 3 (average values toward the central beam of 
cores 6 and 109, respectively) produces a difference in Tmb of 



a factor of 3 while the observed peaks are one order of mag- 
nitude apart, suggesting real differences in the abundances 
rather than excitation effects. The observational classification 
proposed, although based on groups of molecules and peak 
Ay values, is sensitive to these effects as the Ay values are 
related to those of «Hi ■ However, a more careful study should 
be done when studying individual molecules to be compared 
to chemical modelling results. 

CH3OH deserves a special mention. This molecule is 
clearly detected in the gas phase toward all the observed cores 
in the (2o,2-lo,i) (shown normalized in Fig. [3j and {2\ ,2-1 1,1) 
transitions (Fig.fTDl. It shows a behavior similar to that of the 
"oxo-sulfurated" species but peaking at slightly larger den- 
sities. Thus, this species is likely to peak in the transition 
from the "oxo-sulfurated" core chemistry to the typical dense 
core chemistry found toward the "deuterated" cores, suggest- 
ing that CH3OH could be actually an early-time molecule. It 
is expected to be formed efficiently in grain surfaces, with 
abundances for the gas phase of ~10" 9 at most dCuppen et alj 
120091: iGarrod & Paulvll20Tlh . very close to the observational 
abundances derived (~3xl0" 10 -~3xl0 9 : Table O- Abun- 
dances for the gas phase of 6xl0" 10 , comparable to the low- 
est values for the Pipe nebula cores, have been derived in the 
literature through m odeling of more evolved low-mass cores 
dTafalla et al.ll2006l) . However, the higher densities and com- 
parable temperatures product of this modeling with respect 
to the Pipe nebula core values suggest that other mechanisms 
are needed to explain the high gas phase CH3OH abundances 
found here. In addition, the abundances in the Pipe nebula 
cores seem to correlate with their location in the cloud, be- 
ing larger in the B59 region and decreasing as going toward 
the bowl. This fact could be explained by th e slightly higher 
tempe ratures reported toward the B59 region ( Rathborne et al. 
120081) . which could enhance evaporation from grains. 

In summary, our high spectral resolution dataset shows the 
existence of a clear chemical differentiation toward the Pipe 
nebula cores. The chemical signatures agree with the results 
of previous Papers I and II. Chemistry seems to become more 
rich and complex as cores grow denser therefore suggesting 
an evolutionary gradient among the sample. The tentative cor- 
relation found in Paper I between magnetic field and chemi- 
cal evolutionary stage of the cores is less clear with the whole 
nine core sample. 

5. SUMMARY AND CONCLUSIONS 

We carried out observations of continuum and line emis- 
sion toward five starless cores, located on the three different 
regions of the Pipe nebula, and combined them with the ob- 
servations of the four additional cores of Paper I to extend 
the dataset to nine cores. We studied the physical and chemi- 
cal properties of the cores, and their correlation following Pa- 
per II. We also studied the correlation with the magnetic field 
properties of the surrounding diffuse gas following Paper I. 

1. The Pipe nebula starless cores show very different 
morphologies. The complete sample of nine cores 
contains dense and compact cores (6, 65, and 109; 
«h 2 ^10 5 cm" 3 ), diffuse and elliptical/irregular ones 
(20, 40, 47, 48, and 74; «h 2 <5x10 4 cm" 3 ), and 
a filament containing the relatively dense core 14 
(«h 2 ~9x10 4 cm" 3 ). The average properties of the 
nine cores of the sample are diameter of ~0.08 pc 
(-16,800 AU), density of ~10 5 cm" 3 , and mass of 
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~1.7 M®. These values a re very close to (but les s dense 
than) those reported by IWard-Thompson et al.l d 19991) 
for a set of very young dense cores and, therefore, typ- 
ical of even earlier stages of evolution. 

2. MAMBO-II maps are in a general good mor- 
phological agreement wi th previous extinc- 
tion maps (lLombardi et al.l 120061) . By com- 
paring the Ay peak values of the nine cores 
from deepe r NICER maps (iRoman-Zu niga et al. 
2009] l2010h . we derived a proportionality factor 
Av/Nh 2 =(1-27+0.12)x10~ 21 mag cm 2 , compatible 
with the standard value (1 .258xl0~ 21 mag cm 2 ; 
IWagenblast & Hartquistlll989l) . In addition, we found 
that dust continuum maps underestimate the column 
density by an Ay of ~6.1 mag that may be arising from 
the diffuse material of the cloud. 

3. The orientation of the cores is not correlated with the 
surrounding diffuse gas magnetic field direction, which 
suggests that large scale magnetic fields are not impor- 
tant in shaping the cores. On the other hand, the lack of 
spherical symmetry demands an important anisotropic 
force, and projection effects might be important. A 
deeper study of the magnetic field of the dense gas is 
needed. 

4. The analysis of the line widths reports two behaviors 
depending on the molecular transition: (/) a roughly 
constant value of subsonic turbulent broadening for all 
the cores (e.g. C 18 Q (1-0) and CH 3 OH (2-1), see also 
lLada et alJl2008h and (//) a roughly constant slightly 
narrower broadening for cores with Ay>20 mag and su- 
personic turbulent broadenings otherwise (e.g. C2H (1- 
0) and N 2 H + (1-0)). 

5. We observed a set of early- and late-time molecular 
transitions toward the cores and derived their column 
densities and abundances. The high spectral resolu- 
tion molecular normalized line data is in agreement 
with the lower spectral resolution data presented in Pa- 
per II. The nine starless cores are all very chemically 
young but show different chemical properties. "Dif- 
fuse" cores (Ay<15 mag: 48 and 74) show emission 
only in "ubiquitous" lines typical of the parental cloud 
chemistry (e.g. CO, CS, CH3OH). The denser "deuter- 
ated" cores (Ay>22 mag: 40 and 109) show weaker 
abundances for "ubiquitous" lines and present emis- 
sion in nitrogen- (N2H + ) and deuterium-bearing (c- 
C3HD) molecules, and in some carbon chain molecules 
(HC3N), signposts of a prototypical dense core chem- 
istry. "Oxo-sulfurated" cores (Ay- 15-22 mag: 6, 14, 
20, and 65) are in a chemical transitional stage between 
cloud and dense core chemistry. They are character- 
ized by presenting large abundances of CH3OH and 
oxo-sulfurated molecules (e.g. SO and SO2) that dis- 
appear at higher densities, and they still present signif- 
icant emission in the "ubiquitous" lines. CH3OH was 
detected toward the nine cores of the complete sample 
with abundances of ~10 9 , close to the maximum value 
expected for gas-phase chemistry. 

6. Core 47 presents high abundance of CH3OH and N2H + , 
in spite of being the core with the lowest H2 column 
density, and broad line width in some species (C2H and 



N2H + ). All this is in agreement with the hypothesis 
given in Paper II, which suggests that Core 47 could be 
a failed core. 

7. The chemical evolutionary stage is not correlated with 
the core location in the Pipe nebula, but it is correlated 
with the physical properties of the cores (density and 
size). Thus, the chemically richer cores are the denser 
ones. The tentative correlation between magnetic field 
and chemical properties found for the initial subsample 
of four cores is less clear with the current sample. 

The Pipe nebula is confirmed as an excellent laboratory 
for studying the very early stages of star formation. The 
nine cores studied show different morphologies and differ- 
ent chemical and magnetic properties. Physical and chemical 
properties seem to be related, although important differences 
arise, which evidence the complex interplay among thermal, 
magnetic, and turbulent energies at core scales. Therefore, a 
larger statistics is needed to better understand and character- 
ize the Pipe nebula starless core evolution. In addition, other 
young clouds with low-mass dense cores, such as the more 
evolved star-forming Taurus cloud, should be studied in a sim- 
ilar way to prove the presented results as a general trend or, 
on the contrary, a particular case for a filamentary magnetized 
cloud. 
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Table 6 

Line parameters" . 



Molecular 






Tmb h 


Axr c 


J r MB dv * 


VLSR 


Av LS r 






transition 


Source 


(K) 


(K) 


(K kms" 1 ) 


(kms -1 ) 


(kms -1 ) 




Profile c 


C 3 H 2 (2i, 2 -li,o) 


Core 06 


0.502(24) 


- 


0.140(5) 


3.574(4) 


0.262(11) 


- 


G 




Core 14 


0.37(6) 


- 


0.086(11) 


3.502(14) 


0.22(3) 


- 


G 




Core 40 


1.19(5) 


- 


0.347(9) 


3.420(4) 


0.273(9) 


- 


G 




Core 47 


0.079(22) 


— 


0.071(8) 


3.11(5) 


0.85(8) 


- 


G 




Core 109 


2.74(6) 


- 


0.799(13) 


5.8340(20) 


0.274(5) 


— 


G 


C 2 H(l-0) 


Core 06 


- 


0.389(7) 


- 


3.6200(8) 


0.2300(19) 


0.655(21) 


G 




Core 14 


- 


0.1650(24) 


- 


3.5800(13) 


0.268(3) 


0.450(9) 


G 




Core 20 


- 


0.1140(25) 


- 


3.7900(19) 


0.500(6) 


0.193(16) 


G 




Core 40 


- 


2.03(3) 


- 


3.4700(4) 


0.1990(8) 


2.58(4) 


G 




Core 47 


- 


0.0345(5) 


- 


3.140(7) 


0.903(15) 


0.1000(4) 


G 




Core 48 


- 


0.0255(5) 


- 


3.630(9) 


0.876(21) 


0.1000(16) 


G 




Core 109 


- 


2.280(9) 


- 


5.89000(13) 


0.1980(3) 


1.530(8) 


G 


CH 3 OH (2o, 2 -lo,i) 


Core 06 


1.841(15) 


- 


0.55(3) 


3.512(7) 


0.281(15) 


- 


G 




Core 14 


1.30(3) 


- 


0.416(21) 


3.519(7) 


0.300(17) 


- 


G 




Core 20 


0.43(3) 


- 


0.145(10) 


3.653(10) 


0.316(24) 


- 


G 




Core 40 


1.230(15) 


- 


0.327(16) 


3.375(6) 


0.250(14) 


- 


G 




Core 47 


0.45(3) 


- 


0.138(10) 


2.845(10) 


0.288(24) 


- 


G 




Core 48 


0.199(25) 


- 


0.057(6) 


3.652(13) 


0.27(3) 


- 


G 




Core 65 


0.15(3) 


- 


0.098(9) 


5.04(3) 


0.59(6) 


- 


G 




Core 74 


0.257(21) 


- 


0.068(5) 


4.201(9) 


0.247(22) 


- 


G 




Core 109 


1.27(3) 


- 


0.343(18) 


5.778(6) 


0.254(15) 


- 


G 


CH3OH (2-1,2-1-1,1) 


Core 06 


1.432(15) 


- 


0.417(4) 


3.5055(10) 


0.273(3) 


- 


G 




Core 14 


1.04(3) 


- 


0.306(6) 


3.508(3) 


0.276(7) 


- 


G 




Core 20 


0.35(3) 


- 


0.094(6) 


3.672(8) 


0.250(20) 


- 


G 




Core 40 


0.998(15) 


- 


0.252(3) 


3.3705(10) 


0.237(3) 


- 


G 




Core 47 


0.33(3) 


- 


0.119(7) 


2.847(10) 


0.344(22) 


- 


G 




Core 48 


0.134(25) 


- 


0.047(5) 


3.641(19) 


0.33(5) 


- 


G 




Core 65 


0.12(3) 


- 


0.063(7) 


4.98(3) 


0.48(6) 


- 


G 




Core 74 


0.212(21) 


- 


0.059(4) 


4.201(9) 


0.261(20) 


- 


G 




Core 109 


1.03(3) 


— 


0.263(5) 


5.7705(20) 


0.240(6) 


— 


G 


CN (1-0) 


Core 06 


- 


0.17(5) 


- 


3.640(15) 


0.30(3) 


1.2(4) 


G 




Core 14 


- 


0.051(9) 


- 


3.64(8) 


0.81(15) 


0.1(7) 


G 




Core 40 


- 


0.65(22) 


- 


3.430(21) 


0.36(5) 


3.9(1.3) 


G 




Core 47 


- 


0.10(4) 


- 


2.98(5) 


0.80(13) 


0.9(5) 


G 




Core 109 


- 


1.41(22) 


- 


5.930(5) 


0.162(11) 


1.13(23) 


G 






- 


2.3(1.3) 


— 


5.670(7) 


0.101(16) 


4.(3) 




HCN (1-0) 


Core 06 


- 


0.025(6) 


- 


3.56(3) 


0.76(8) 


0.11(5) 


G 




Core 20 


- 


0.059(16) 


- 


3.58(3) 


0.68(7) 


0.24(8) 


G 




Core 40 


- 


1.55(11) 


- 


3.410(16) 


0.334(22) 


6.0(5) 


NS 




Core 47 


— 


0.051(13) 


- 


2.93(3) 


0.72(7) 


0.27(8) 


G 




Core 48 


- 


0.33(10) 


- 


3.54(5) 


0.90(11) 


2.4(1.2) 


G 




Core 109 




2.53(3) 




5.93(7) 


0.16(22) 


0.25(10) 


NS 








\ i\CX\ 
O. Y\J\D ) 






U.Zj^ZZ ) 






N 2 H+ (1-0) 


Core 06 




0.119(5) 




3.5000(16) 


0.257(4) 


0.10(10) 


G 




Core 14 




0.0341(16) 




3.500(5) 


0.206(10) 


0.10(9) 


G 




Core 40 




0.219(12) 




3.4000(19) 


0.249(5) 


0.171(25) 


G 




Core 47 




0.0100(9) 




3.00(4) 


0.59(6) 


0.10(3) 


G 




Core 109 




0.904(14) 




5.8000(5) 


0.2150(11) 


0.467(11) 


G 


N 2 D + (2-1/ 


Core 40 


0.084(20) 




0.019(3) 


3.280(15) 


0.21(3) 




G 




Core 109 


0.31(4) 




0.109(7) 


5.673(11) 


0.331(22) 




G 


DCO+ (3-2) 


Core 06 


0.44(13) 




0.22(3) 


3.58(3) 


0.48(11) 




G 




Core 109 


0.70(11) 




0.151(18) 


5.828(13) 


0.202(21) 




G 



Line parameters of the detected lines. Multiple velocity components are shown if present. For the molecular transitions with no hyperfine components, the 
parameters for the transitions labeled as G (last column) have been derived from a Gaussian fit while line parameters of NS and SA profiles have been derived 
from the intensity peak (Tub), and zero (integrated intensity), first (line velocity) and second (line width) order moments of the emission. For the molecular 
transitions with hyperfine components, the parameters have been derived using the hyperfine component fitting method of the CLASS package. The value in 
parenthesis shows the uncertainty of the last digit/s. If the two first significative digits of the error are smaller than 25, two digits are given to better constrain it. 
b Only for molecular transitions with no hyperfine components. 
c Only for molecular transitions with hyperfine components. 

Derived from a CLASS hyperfine fit for molecular transitions with hyperfine components. Derived numerically for CS, C 34 S, 13 CO, and C ls O using Eq. 1 from 
Paper I. A value of 0. 1 is assumed when no measurement is available. 
' G: Gaussian profile. NS: Non-symmetric profile. SA: Self-absorption profile. 
* Only the main component is detected. 
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Table 7 

Line parameters" (Continuation). 



Molecular 




T b 
* MB 


Axt c JTmbov* 


V LSR 


Av LSR 






transition 


Source 


(K) 


(K) (Kkms- 1 ) 


(kms" 1 ) 


(km s" 1 ) 




Profile'' 


C 34 S (2-1) 


Core 06 


0.207(16) 


0.055(3) 


3.551(7) 


0.247(15) 


0.182(18) 


G 




Core 14 


0.267(25) 


0.068(5) 


3.545(8) 


0.241(20) 


0.48(5) 


G 




Core 20 


0.18(4) 


0.057(7) 


3.718(19) 


0.30(4) 


0.154(15) 


G 




Core 40 


0.268(16) 


0.069(3) 


3.381(5) 


0.241(13) 


0.140(14) 


G 




Core 47 


0.07(4) 


0.042(10) 


3.00(7) 


0.53(13) 


0.036(4) 


G 




Core 48 


0.187(23) 


0.041(4) 


3.729(11) 


0.20(3) 


0.26(3) 


G 




Core 74 


0.137(21) 


0.027(3) 


4.236(12) 


0.186(23) 


0.228(23) 


G 




Core 109 


0.34(3) 


0.083(5) 


5.825(7) 


0.233(17) 


0.185(18) 


G 


CS (2-1) 


Core 06 


1.20(6) 


0.30(3) 


3.429(11) 


0.237(21) 


4.1(4) 


G 






0.56(6) 


0.14(3) 


3.698(22) 


0.23(5) 








Core 14 


0.69(10) 


0.41(3) 


3.439(21) 


0.45(4) 


10.7(1.1) 


SA 




Core 20 


1.18(9) 


0.34(4) 


3.469(12) 


0.27(3) 


3.5(3) 


G 






1.10(9) 


0.35(4) 


3.820(14) 


0.30(3) 








Core 40 


1.94(7) 


0.560(17) 


3.369(4) 


0.415(14) 


3.1(3) 


NS 




Core 47 


1.16(9) 


0.609(24) 


2.817(10) 


0.495(23) 


0.81(8) 


G 




Core 48 


0.79(7) 


0.402(18) 


3.684(11) 


0.477(22) 


6.0(6) 


SA 




Core 74 


0.66(8) 


0.268(17) 


4.245(13) 


0.38(3) 


5.1(5) 


G 




Core 109 


1.93(8) 


0.743(17) 


5.836(4) 


0.361(9) 


4.2(4) 


G 


C 34 S (3-2) 


Core 14 


0.12(3) 


0.034(4) 


3.488(17) 


0.27(4) 


1.70(17) 


G 




Core 20 


0.15(5) 


0.064(11) 


3.59(3) 


0.40(8) 


0.25(3) 


G 




Core 109 


0.18(6) 


0.064(8) 


5.82(3) 


0.340(00) 


0.189(19) 


G 


CS (3-2) 


Core 06 


0.68(6) 


0.220(10) 


3.480(7) 


0.303(15) 




G 




Core 14 


0.14(4) 


0.072(7) 


3.59(3) 


0.48(4) 


38.(4) 


G 




Core 20 


0.67(6) 


0.179(8) 


3.502(8) 


0.2500(00) 


5.7(6) 


G 






0.65(6) 


0.173(8) 


3.797(9) 


0.2500(00) 








Core 40 


1.09(9) 


0.270(13) 


3.414(6) 


0.234(15) 




G 




Core 47 


0.35(6) 


0.148(11) 


2.896(15) 


0.39(3) 




G 




Core 48 


0.28(5) 


0.122(10) 


3.772(17) 


0.41(4) 




G 




Core 65 


0.16(4) 


0.124(11) 


5.07(4) 


0.73(9) 




G 




Core 74 


0.34(5) 


0.100(8) 


4.200(11) 


0.277(20) 




G 




Core 109 


1.01(8) 


0.366(14) 


5.810(7) 


0.339(15) 


4.2(4) 


G 



Footnotes " to " as in Table |6] 



Core 06 Core 20 Core 47 Core 65 Core 74 




3 6 9 12 15 18 21 3 6 9 12 15 18 21 3 6 9 12 15 18 3 6 9 12 15 18 21 3 6 9 12 15 18 21 




2 4 6 8 10 12 2 4 6 8 10 12 2 4 6 8 1 1 2 4 6 8 1 1 2 1 4 4 6 8 10 12 14 



Velocity (km / s) 

Figure 8. IRAM 30-m line spectra of the molecular transitions with hyperfine components presented in Paper I toward the five new selected cores of the Pipe 
nebula presented in this work (Table[T}. Columns: single cores named above the top panel of each column. Rows: single molecular transition specified on the 
third column. Empty panels represent non-observed molecular lines. The velocity range is 16.5, 20 and 12 km s _1 for HCN (1-0), N 2 H+ (1-0), and CN (1-0), 
respectively. Horizontal axis shows the velocity, and the vlsr of each core is marked with a vertical dotted line. Vertical axis shows the Tmb of the emission, and 
the zero level is marked by a horizontal dotted line. 
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Table 8 

Line parameters" (Continuation). 



Molecular 




^MB * 


A x t c 


f TmbcIv * 

J J Ml) li v 


VLSR 








transition 


Source 




( K ) 


(K kms -1 ) 


(kms -1 ) 


(kms -1 ) 




Profile'' 


C is O (1-0) 


Core 06 


2.61(6) 




1.137(13) 


3 5 1 80(701 


409(61 


33(31 


Q 




Core 14 


4.10(6) 




1 875(1 31 


3 4890( 1 01 


430(41 


0.84(8) 


G 




Cnrp 90 

V^*JI C Z.U 


? Q7(61 








253(4) 


31(3) 


Q 




Core 47 


2.51(6) 




1.116(14) 


2.791(3) 


0.417(6) 


50(51 


G 




Core 74 


2.51(5) 






4 1990(70^ 


360f5^ 


0.59(6) 


G 




rWp 10Q 


2 42(5) 




991(1 1) 


S IfiACMKW 




51(5) 


G 


13 CO (1—0) 


Pnrp 06 

V,U1 C UU 


7 78(6) 




4 98(1 1) 


^ S^fif'S't 
J-J-JUv J ) 




1 83(18) 


G 






1.96(6) 




1 44C1 1 1 


4.133(24) 


0.69(3) 








Core 14 


7 1 3ffi1 




4. 4.07C 1 R\ 


^ 4.9X0M0'! 


SRI (41 

U.JO 1 y-r ) 


4 7(51 


G 






4.13(6) 




2.639(4) 


3 8680(201 










Cnrp 90 

V,U1C Z.U 


9.12(6) 




J . ;?U J^ 1UJ 


1 7060f 1 0^ 


60X0(901 


1 71 (171 
1. / HI 1 ) 


G 




Core 47 


5.99(5) 




^ r»4.7M 9 1 ! 


9 7^ son 01 


S790(90't 
U.J / z,u^z,u ^ 


1 8f"31 


G 






4 97(51 




3 912(14) 


^ 9^00^90^ 


869 (4"! 








Core 74 


5.41(5) 






4 2320(201 


69 5 f 41 


3.3(3) 


G 






2 15(5) 




1 829(22) 


5 221(5) 


o soon 1 1 








Core 109 


5.68(6) 




3.577(18) 


5.7990(10) 


0.591(3) 


2 8(31 


G 






0.83(6) 




1 11(3^ 


3.275(14) 


1 26(41 






C 18 (2-1) 


Core Ofi 


4 23fl 31 




1.437(18) 


3 5240(201 


0.319(5) 


1 11(111 


G 




Core 14 


3 52(231 




1 76(4^ 


3.522(5) 


469(1 31 


94(91 


G 




V,U1C Z.U 


3 .1X}\ Z.J ) 




1 07 (A\ 


3 712(5) 


^osn 91 


52(5) 


G 






3.6(3) 




1.33(4) 


3.323(5) 


349(1 21 




G 




Core 47 


2 61(22) 






2 779(6) 


440(1 SI 


52(5) 


G 




v,uic to 


a osn s^ 




i .z.o i yiy ) 


3 67S0f90^ 


299(5) 




G 




r'nrp 6S 


2.65(14) 




1.599(24) 


4.936(4) 


567(101 




G 




Core 74 


2 54(21) 




77(3) 


4 216(5) 


984f1 9^ 


89(9) 


G 




Core 109 


3.15(11) 




1 035(16) 


5 7820(201 


309(51 


0.86(9) 


G 


l3 CO (2-1) 


Core 06 


6.23(12) 




4.51(5) 


3.604(4) 


0.681(9) 


6.2(6) 


G 






1.50(12) 




0.56(4) 


4.260(10) 


0.35(3) 








Core 14 


5.66(12) 




2.88(5) 


3.378(4) 


0.477(4) 


5.2(5) 


G 






5.05(12) 




2.88(7) 


3.819(5) 


0.536(11) 








Core 20 


7.50(13) 




6.00(4) 


3.7100(20) 


0.751(5) 


2.9(3) 


G 




Core 47 


6.01(12) 




5.05(8) 


3.005(6) 


0.790(9) 


2.9(3) 


G 






3.08(12) 




0.95(7) 


2.631(5) 


0.291(12) 








Core 74 


4.24(6) 




2.417(17) 


4.2550(20) 


0.536(4) 


4.9(5) 


G 






1.79(6) 




1.168(19) 


5.259(5) 


0.614(12) 








Core 109 


5.36(11) 




2.80(3) 


5.8310(20) 


0.491(5) 


4.8(5) 


G 






0.61(11) 




0.70(4) 


3.38(3) 


1.09(8) 







Footnotes 8 to ' as in Table [6] 



Table 9 

Molecular column densities of the chemical species observed toward the Pipe nebula cores in cirT 2 . 



Source 


C 3 H 2 (2 1 . 2 -l 1 .o) fl 


C 2 H (1-0) 


HCN(l-O) 


N 2 H + (1-0) 


C 34 S (2-1)* 


CH3OH (2 , 2 -lo,ir 


CS (2-1)* 


C 18 O(l-0) 


Core 06 


6.40 x 10" 


4.15 x 10 12 


2.22 x 10" 


5.20 x 10" 


2.95 x 10" 


2.62 x 10 13 


1.23 x 10 13 


1.42 x 10 15 


Core 14 


3.50 x 10" 


3.05 x 10 12 


< 5.42 x 10 10 


9.70 x 10 10 


6.01 x 10" 


1.64 x 10 13 


3.05 x 10 13 


2.78 x 10 15 


Core 20 


< 1.78 x 10" 


5.12 x 10 12 


3.08 x 10" 


< 4.09 x 10 10 


3.05 x 10" 


4.18 x 10 12 


1.18 x 10 13 


1.05 x 10 15 


Core 40 


2.91 x 10 12 


1.22 x 10 13 


2.57 x 10 12 


4.89 x 10" 


2.94 x 10" 


1.28 x 10 13 


7.19 x 10 12 




Core 47 


3.52 x 10" 


5.12x 10 12 




1.30x 10" 


2.86 x 10" 


4.54 x 10 12 




1.40 x 10 15 


Core 48 


< 7.68 x 10 10 


3.85 x 10 12 


2.59 x 10 12 


< 3.79 x 10 10 


2.95 x 10" 


2.23 x 10 12 


1.51 x 10 13 




Core 65 


< 7.25 x 10 10 


< 1.33 x 10 u 




< 3.68 x 10 10 


< 1.07 x 10 u 


3.64 x 10 12 






Core 74 


< 1.37 x 10" 




< 4.76 x 10 10 


< 4.46 x 10 10 


2.20 x 10" 


2.39 x 10 12 


9.88 x 10 12 


1.24 x 10 15 


Core 109 


1.63 x 10 13 


1.05 x 10 13 


9.67 x 10 12 


6.79 x 10 11 


3.67 x 10 11 


1.36 x 10 13 


1.24 x 10 13 


1.24 x 10 15 


" Transition with no opacity measurements available, thus optically thin emission is 


assumed to obtain lower limits of the column densities. 





* We assume optically thin emission for some cores with no data or no detection in CS/C 34 S to obtain a lower limit of the column density. 
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Table 10 

Molecular column densities of the chemical species observed toward the Pipe nebula cores in cm~ 2 (continuation). 



Source 


13 CO(1-0) 


CN (1-0) 


C 34 S (3-2)" 


CS (3-2)° 


N 2 D + (2-l) fc 


DCO + (3-2) 6 


C 18 (2-1) 


13 CO (2-1) 


Core 06 


2.30 X 10 16 


1.20 x 10 12 


< 7.39 x 10 10 


4.49 x 10" 


< 8.58 x 10 s 


7.39 x 10" 


9.05 x 10 14 


2.12 x 10 16 


Core 14 


4.14 x 10 16 


1.16x 10 12 


1.12 x 10 12 


4.26 x 10 13 


< 7.91 x 10 9 


< 1.43 x 10 13 


1.04 x 10 15 


1.16 x 10 16 


Core 20 


1.39 x 1() 16 


< 1.58 x 10 11 


3.19x 10" 


8.71 x 10 12 


< 1.73 X 10 10 


< 3.54 x 10 13 


5.21 x 10 14 


6.96 x 10 15 


Core 40 




4.69 x 10 12 




6.18 x 10 11 


3.63 x 10' 


< 7.60 x 10" 


9.33 x 10 14 




Core 47 


2.11 x 10 16 


2.49 x 10 12 


< 6.22 x 10 10 


3.02 x 10" 


< 4.38 x 10 9 




5.96 x 10 14 


1.17 X 10 16 


Core 48 




< 1.23 x 10" 


< 9.17 x 10 10 


2.62 x 10" 


< 3.02 x 10 9 


< 1.37 x 10 12 


9.77 x 10 14 




Core 65 




< 9.79 x 10 10 


< 6.79 x 10 10 


3.24 x 10" 


< 3.09 x 10 9 




9.35 x 10 14 




Core 74 


2.36 x 10 16 


< 1.31 x 10" 


< 1.18x 10 11 


2.06 x 10" 


< 3.76 x 10 9 


< 4.30 x 10" 


4.66 x 10 14 


9.66 x 10 15 


Core 109 


2.10 x 10 16 


2.82 x 10 12 


2.34 x 10" 


5.09 x 10 12 


1.39 x 10" 


1.13 x 10 12 


5.94 x 1() 14 


1.04 x 10 16 



" We assume optically thin emission for some cores with no data or no detection in C S to obtain a lower limit of the column density. 

* Transition with no opacity measurements available, thus optically thin emission is assumed to obtain lower limits of the column densities. 



Table 11 

H2 column densities, A?h, , of the Pipe nebula cores in cm -2 " . 



Source 




Molecular 


survey* 




CO survey 1 " 


10.5" 


15.0" 


21.5" 


27.0" 


11.0" 


22.5" 


Core 06 


2.12 X 10 22 


1.43 x 10 22 


1.31 X 10 22 


9.73 x 10 21 


2.12 x 10 22 


1.18 X 10 22 


Core 14 


1.59 x 10 22 


1.26 x 10 22 


1.10 X 10 22 


1.01 x 10 22 


7.48 x 10 21 


7.79 X 10 21 


Core 20 


7.66 x 10 21 


6.26 x 10 21 


5.39 x 10 21 


5.08 x 10 21 


5.22 x 10 21 


4.41 x 10 21 


Core 40 


1.32 x 10 22 


1.28 x 10 22 


1.12 x 10 22 


1.07 x 10 22 


1.36 x 10 22 


1.06 x 10 22 


Core 47 


1.03 x 10 22 


6.93 x 10 21 


5.59 x 10 21 


5.03 X 10 21 


8.64 x 10 21 


3.96 x 10 21 


Core 48 


1.09 x 10 22 


8.88 x 10 21 


7.38 x 10 21 


6.99 x 10 21 


1.34 x 10 22 


6.71 x 10 21 


Core 65 


1.16 x 10 22 


1.15 x 10 22 


1.12 x 10 22 


8.34 x 10 21 


1.16 x 10 22 


1.01 x 10 22 


Core 74 


6.98 x 10 21 


6.75 X 10 21 


5.96 x 10 21 


5.65 x 10 21 


1.16 x 10 22 


5.74 x 10 21 


Core 109 


4.19 x 10 22 


3.73 X 10 22 


3.23 x 10 22 


3.08 x 10 22 


4.49 x 10 22 


3.10 x 10 22 



" Average column densities are calculated within one beam area. The values of /Q50 GHz and Ti ait are the same as for Table[3] These values are combined with 
the molecular column densities to find the molecular abundances in the same beam area. 

Observations toward the dust continuum emission peak (Table[3j. The correspondence is: 10."5 with DCO+, CN (2-1), N 2 D + (3-2) and H 13 CO + (3-2); 15."0 
with C 34 S (3-2), CS (3-2), and N 2 D+ (2-1); 21."5 with CN (1-0); and, finally, 27."0 with C3H2 (2-1), HCN (1-0), N 2 H + (1-0), C 34 S (2-1), CH3OH (2-1) and 
CS (2-1). 

c Observations toward the extinction peak (Table Q}- The correspondence is: 11. "0 with C 18 (2-1), and 13 CO (2-1); 22."5 with C 18 (1-0), and 13 CO (1-0). 



Table 12 

Abundances" of the chemical species with respect to H 2 observed toward the Pipe nebula cores. 



Source C 3 H 2 * C 2 H HCN N 2 H + C 34 S C CH3OH* CS 1 " C ls O 



Core 06 


6.58 X 10" 


ii 


4.27 X 10" 


10 


2.28 X 10" 


-11 


5.35 X 10" 


-11 


3.03 x 10" 


ii 


2.69 x 10 


-9 


1.27 X 10 


-9 


1.21 x 10 


-7 


Core 14 


3.47 x 10" 


11 


3.02 x 10" 


10 


< 5.37 x 10" 


-12 


9.61 x 10" 


-12 


5.95 x 10" 


-11 


1.63 X 10 


-9 


3.02 X 10 


-9 


3.57 X 10" 


-7 


Core 20 


< 3.50 x 10" 


-11 


1.01 x 10 


-9 


6.06 x 10" 


-11 


< 8.05 X 10" 


-12 


6.01 x 10" 


-11 


8.23 X 10" 


10 


2.32 X 10 


-9 


2.38 X 10" 


-7 


Core 40 


2.73 x 10" 


111 


1.14 x 10 


-9 


2.41 x 10" 


-10 


4.58 x 10" 


-11 


2.76 x 10" 


-11 


1.20 X 10 


-9 


6.74 x 10" 


10 






Core 47 


6.99 x 10" 


11 


1.02 X 10 


-9 






2.58 X 10" 


-11 


5.68 x 10" 


-11 


9.02 x 10" 


10 






3.52 X 10" 


-7 


Core 48 


< 1.10 X 10" 


■11 


5.51 X 10" 


III 


3.71 x 10" 


-10 


< 5.43 X 10" 


-12 


4.21 x 10" 


-11 


3.19 x 10" 


10 


2.17 X 10" 


-9 






Core 65 


< 8.70 x 10" 


■12 


< 1.15 X 10" 


1 1 






< 4.41 x 10" 


-12 


< 9.29 x 10" 


-12 


4.36 x 10" 


10 










Core 74 


< 2.42 x 10" 


-11 






< 8.43 X 10" 


■12 


< 7.90 x 10" 


-12 


3.89 x 10" 


-11 


4.23 x 10" 


10 


1.75 X 10 


-9 


2.15 X 10" 


-7 


Core 109 


5.28 x IQ- 


111 


3.41 x 10" 


to 


3.14 x 10 


■10 


2.20 x 10" 


-11 


1.19 x lO- 


-11 


4.43 x 10" 


10 


4.02 x 10" 


10 


3.99 x 10" 


-8 



" See Tablesl9l llOI and ll ll for line and dust column densities. 

* Transition with no opacity measurements available, thus optically thin emission is assumed to estimate a lower limit of the column densities and, consequently, 
of the abundances. 

' We assume optically thin emission for some cores with no data or no detection in CS/C 34 S to obtain a lower limit of the column density and, as a result, also 
for the abundance. 
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Table 13 

Abundances" of the chemical species with respect to H2 observed toward the Pipe nebula cores. 



Source 


13 CO 


CN 




N 2 D +b 




DCO +b 




Core 06 


1.95 x ur 6 


9.16 x 10" 


-ii 


< 8.82 X 10" 


-14 


3.49 x 10" 


1 1 


Core 14 


5.31 x 10~ 6 


1.06 x 10" 


■10 


< 7.84 X 10" 


-13 


< 1.83 X 10 


-9 


Core 20 


3.15 x 10~ 6 


< 3.10 x 10" 


-11 


< 3.41 X 10" 


-12 


< 8.02 X 10 


-9 


Core 40 




4.19 x 10" 


■10 


2.83 X 10" 


-13 


< 7.19 X 10" 


1 1 


Core 47 


5.32 x 10~ 6 


4.45 x 10" 


-hi 


< 8.70 X 10" 


-13 






Core 48 




< 1.76 x 10" 


-11 


< 4.33 X 10" 


-13 


< 2.04 X 10" 


10 


Core 65 




< 1.17 x 10" 


-11 


< 3.71 X 10" 


-13 






Core 74 


4.11 x ur 6 


< 2.33 x 10" 


-11 


< 6.65 x 10" 


-13 


< 7.50 X 10" 


1 1 


Core 109 


6.76 x 10~ 7 


8.72 x 10" 


11 


3.73 x 10" 


■12 


2.69 x 10" 


1 1 



° See Tablesl9lll()l and ll ll for line and dust column densities. 

* Transition with no opacity measurements available, thus optically thin emission is assumed to estimate a lower limit of the column densities and, consequently, 
of the abundances. 
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Core 06 Core 20 Core 47 Core 65 

I 11 11 I" 11 I" 11 UV\ " "I 11 "I 111 'I 1111 

C 3 H 2 [2-1) Early-time 




Figure 9. IRAM 30-m line spectra of the molecular transitions without hy- 
perfine components presented in Paper I toward the five new selected cores 
of the Pipe nebula presented in this work (Table [T}. Columns: single cores 
named above the top panel of each column. Rows: single molecular tran- 
sition specified on the third column. Empty panels represent non-observed 
molecular lines. Axes and dotted lines are as in Fig. [8] The velocity range is 
5 km s~' centered on the vlsr of each core. 



CH 3 0H (2-1) 
Late— time? 




-8 -6 -4 -2 2 4 6 8 10 12 -8 -6 -4 -2 2 4 6 8 10 12 



Core 40 — 



Core 109 - 



-8 -6 -4 -2 2 4 6 8 10 12-6 -4 -2 2 4 6 8 "0 12 14 



0.4 
0.2 



-6 -4 -2 2 4 6 8 10 '2 -8 -6 -4 -2 2 4 6 8 10 12 



0.2 


-I ' I ' I 


I ' I ' I ' 


I ' I ' I ' I ' I '- 
Core 48 - 


. I 


'I'M 


1 I 1 I 1 1 1 1 1 1 1 1 1 - 
Core 65 - 


0.1 

















■ 





l i r - 


■ I 


i l i l i 


i i i i i ' 




-8 -6 -4 


-2 2 


4 6 8 10 12 


-6 


-4 -2 C 


2 4 6 8 10 12 14 




0.2 

0.1 
• 



-6 -4 -2 2 4 6 8 10 12 14 
Velocity (km/s) 

Figure 10. IRAM 30-m line spectra of CH3OH (2-1) toward the nine se- 
lected cores of the Pipe nebula (Table [T}. This molecular transition is not 
presented in Paper I. The name of the core is indicated in the top right corner 
of each panel. Axes and dotted lines are as in Fig. [8] The velocity range is 
22 km s _I . 
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Figure 11. IRAM 30-m line spectra of C 2H (1-0) (early-time) toward eight cores of the Pipe nebula (Table [TJ. This molecular transition is not 
Paper I. The component number following Padovani et al. (20()||) is indicated above each column. The name of the core is indicated in the left panel 
Axes and dotted lines are as in Fig. [8] The velocity range is 2.5 km s . 
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Figure 12. IRAM 30-m line spectra of the molecular transitions without hyperfine components toward the nine selected cores of the Pipe nebula (Table[T}. These 
molecular transitions are not presented in Paper I. Columns: single cores named above the top panel of each column. Rows: single molecular transition specified 
on the seventh column. Empty panels represent non-observed molecular lines. Axes and dotted lines are as in Fig. [8] The velocity range is 5 km s -1 except for 
Core 109 (6kms _1 ). 



